Importance of this paper: Air pollution in urban locations contains many components that originate from a wide range of industrial, motor vehicle, and natural emissions sources. Some of these components include compounds known or suspected to be carcinogenic, and some of them play important roles in atmospheric chemistry such as tropospheric ozone pollution and stratospheric ozone depletion. Therefore, it is essential to characterize the composition, magnitude, and the distribution of urban air pollution through extensive ambient air monitoring and assess the impact of these components on human health and global atmospheric chemistry.
Introduction
During the past few years, an increased awareness of air pollutants and new potential sources of airborne toxic chemicals have raised a concern that the release of these materials may be a health hazard. Generally more localized in their impact than the criteria pollutants, air toxics or hazardous air pollutants (HAPs) may endanger Chemosphere 47 (2002) [863] [864] [865] [866] [867] [868] [869] [870] [871] [872] [873] [874] [875] [876] [877] [878] [879] [880] [881] [882] www.elsevier.com/locate/chemosphere human health and welfare. The adverse effects on health from exposure to air toxics on HAPs can be as diverse as the substances themselves. Cancer is one health effect of wide concern; others include birth defects, damage to the immune and nervous systems, and other fatal diseases (Singh et al., 1982; Kao, 1994) . Recently, a number of volatile organic compounds (VOCs) have been identified as important cancer risk factors in the urban environment (Hagerman et al., 1997) . These compounds (VOCs) are not routinely monitored in urban air, and no ambient air quality standards have yet been established for them. In addition, through complex photochemical reactions, VOCs contribute to the formation of toxic oxidants (World Meteorological Organization, 1985; Finlayson-Pitts and Pitts, 1986; Lioy and Daisey, 1986; Atkinson et al., 1988; Shah and Singh, 1988) such as tropospheric ozone, and peroxyacetyl nitrate (PAN), which are detrimental to health and are phytotoxic.
In urban and industrial areas, many hydrocarbons, including VOCs, are emitted from anthropogenic sources, such as transportation, fossil fuel-burning power plants, chemical plants, petroleum refineries, certain construction activities, solid waste disposal and slash burning (Arya, 1999; Davis and Otson, 1996) . In addition to the anthropogenic sources, many VOCs are produced naturally by vegetation. Biogenic emissions of hydrocarbons are likely to exceed anthropogenic emissions in heavily vegetated and forested regions (Winer et al., 1992; Arya, 1999) . The mechanisms and products of atmospheric reactions of biogenic organics are not well understood. A few quantitative studies (Kamens et al., 1982; Atkinson, 1990; Tuazon and Atkinson, 1990) , have indicated that formaldehyde is the only HAP known to result from atmospheric transformations of biogenic hydrocarbons.
Data on airborne VOCs in urban and rural areas in the United States have been reviewed (Brodzinsky and Singh, 1983; Edgerton et al., 1989; Sweet and Vermette, 1992) . Elevated levels of benzene and other aromatic hydrocarbons as well as a variety of chlorinated VOCs are found in the air of most urban areas. These air pollutants are emitted by a wide variety of area and point sources. The most recent comprehensive amendments to the Clean Air Act (CAA) in 1990 list 188 substances as HAPs. Eighty two of these HAPs have atmospheric lifetimes of less than one day. Seven others have conflicting data reporting atmospheric lifetimes both shorter and longer than one day (Spicer et al., 1993) . These data imply that over 40% of the HAPs have low atmospheric persistence. For these air toxics, the transformation products, in addition to the actual emitted pollutants, should be monitored at ambient sites to determine the effectiveness of the control strategies.
The urban air toxics monitoring program (UATMP) is sponsored by the US Environmental Protection Agency (EPA) and designed to characterize the composition and magnitude of urban air toxics through ambient air monitoring. Since the program's inception in 1987, many environmental and health agencies have voluntarily participated in the UATMP to determine the causes and access the effects of air pollution within their jurisdictions. In this paper, we (1) compare and characterize the C 2 -C 10 VOCs measured at 13 urban locations in the United States, (2) determine the significant sources of VOCs within any urban environment, and (3) examine the effect of seasonal changes on the levels of VOCs in urban areas.
Materials and methods

Monitoring locations
Thirteen air monitoring sites representing different urban communities in the United States are characterized ( Fig. 1 ). To provide a first approximation of the respective contributions of motor vehicle emissions and industrial emissions on each monitoring site, Table 1 lists the 13 monitoring locations and the number of people living within 10 miles of each location and Table  2 is the text descriptions about the surrounding areas of each monitoring location. The number of industrial facilities that meet EPA's Toxic Release Inventory (TRI, 1995) reporting requirement within 10 miles of each location are also included in Table 1 .
Although this spatial distribution of monitoring stations clearly is not a statistically significant sample of urban locations in the US, the monitoring data from these stations may indicate certain air quality trends that are common to all urban environments.
Sampling and analytical methods
At every monitoring location, the air sampling equipment was installed in a small enclosure--usually a trailer or a shed--with the sampling inlet probe protruding through the roof. With this setup, each monitor sampled ambient air at heights approximately 5-20 feet above local ground level.
At each site, 24-h integrated samples were collected once every 12 days. Each sample collection began and ended at midnight, standard time. This sampling frequency ensures the collection of sufficient data for characterizing annual-average concentrations of toxic compounds. Further, the 12-day sampling frequency ensures the distribution of sampling days among the seven days of the week--a feature that enables comparison of air quality on weekdays to air quality on weekends. Also, as a part of the sampling schedule, duplicate samples were collected on roughly 10% of the sampling days. These samples were analyzed in replicate to gauge the precision of the sampling and analytical methods.
Fifty four organic compounds were selected for studying during the current program: 11 hydrocarbons, 27 halogenated hydrocarbons, and 16 carbonyls. Many of these compounds are toxic and many are ubiquitous to urban air pollution.
The capabilities and limitations of sampling and analytical methods are important considerations when interpreting ambient air monitoring data. During the present study, two EPA-approved methods were used to characterize urban air pollution: ''Compendium Method TO-14A'' was used to measure ambient air concentrations of the 38 VOCs (US EPA, 1984a; McClenny et al., 1991) and ''Compendium Method TO-11/11A'' was used to measure ambient air concentrations of the 16 carbonyl compounds (US EPA, 1984b).
Sampling and analytical method for VOCs
As the EPA method specifies, ambient air samples that were analyzed for VOCs were collected in passivated stainless steel canisters. The prepared (cleaned and evacuated) canisters were distributed to the monitoring stations where they were connected to the air sampling equipment prior to each sampling day. Before their use in the field, the passivated canisters are evacuated to much lower than atmospheric. Because of this pressure difference, ambient air naturally flows into the canisters once they are opened, and pumps are not needed to collect the canister samples for VOC analysis. An electronic mass flow controller on the sampling device ensures that ambient air enters the canister at a constant rate across the collection period. At the end of the 24-h sampling period, a solenoid valve automatically stops ambient air from flowing into the canister. Then, the canisters are returned to the laboratory for analysis.
By analyzing each sample with capillary gas chromatography (GC) and mass selective detection and flame ionization detection (GC/MSD-FID), the ambient air concentrations of 38 VOCs--11 hydrocarbons and 27 halogenated hydrocarbons--within the canister sample are determined. The detection limit reported by the analytical laboratory for every compound is lower than 0.5 parts per billion, by volume (ppbv), with many detection limits below 0.1 ppbv.
Sampling and analytical method for carbonyls
Following the specifications of EPA Compendium Method TO-11/11A, ambient air samples that were analyzed for carbonyls were collected by passing ambient air over silica gel cartridges coated with 2,4-dinitrophenylhydrazine (DNPH), a compound known to react selectively and reversibly with many aldehydes and ketones. Due to this reactivity, carbonyls in ambient air are derivatized remain within the sampling cartridge, while other compounds pass through the cartridge without reacting with the DNPH-coated matrix. Consistent with the VOC sampling, the silica gel cartridges were distributed to the monitoring locations where they were connected to the air sampling equipment including O 3 denuders and after the 24-h sampling period, they were returned to the laboratory for analysis.
To quantify concentrations of carbonyls in the sampled ambient air, the exposed silica gel cartridges were eluted with acetonitrile. This solvent elution liberated a solution of DNPH derivatives of the aldehydes and ketones collected from the ambient air. Analyzing this solution with high-performance liquid chromatography (HPLC) and ultraviolet detection determines the relative amounts of individual carbonyls present in the original air sample.
Like the VOC detection limits, the carbonyl limits were also evaluated by each analytical laboratory. Although the sensitivity of the analytical method varies Concentrations of VOCs measured in duplicate samples during the 1996 UATMP were in excellent agreement. On average, these concentrations differed by 0.10 ppbv or less for almost every compound detected during the program. For the most prevalent compounds, the relative percent difference (RPD) that expresses average concentration differences relative to the average concentrations detected during replicate analyses, for sampling and analytical precision ranged from 4% to 25%; for the least prevalent compounds, the RPDs ranged from 25% to 66%. This finding seems to confirm the notion that the UATMP monitoring data are least precise for compounds typically found at levels near their detection limits.
Like the duplicate sampling results for VOCs, the duplicate sampling results for carbonyls were highly precise. Data show that every carbonyl compound had an RPD for sampling and analytical precision lower than 40%. Consistent with the findings for VOCs, the poorest sampling and analytical precision results (i.e., the highest RPDs) were observed for compounds measured at levels near their detection limits. Random sampling errors most likely resulted from trace amounts of carbonyls contaminating the silica gel sampling cartridges before the scheduled sampling days. As the estimates of sampling and analytical precision show, however, such sources of contamination did not have significant impacts--not greater than 0.20 ppbv, on average--on the carbonyl monitoring results.
To summarize, duplicate sampling results indicate that the UATMP air quality measurements generally have precision better than 40%--well within the U-ATMP data quality objectives of 100% (US EPA, 1998). This excellent measurement precision suggests that the UATMP monitoring data offer a good account of air quality at the selected monitoring locations, especially for the most prevalent compounds. Table 3 summarizes the monitoring data from 13 stations that took part in the UATMP/SNMOC program in 1996. Table 3 indicates the number of stations that listed compounds within certain ranges. These data show that peak concentrations varied significantly among compounds and monitoring stations. We note that ambient air concentration measured during this study for about half of the compounds identified by the analytical method never exceeded 1 ppbv.
Results and discussion
The following is a discussion of the spatial variation for hydrocarbons, halogenated hydrocarbons and carbonyls, the correlations between individual compounds within each group, the correlations between VOCs and temperature, and the long-term trend (temporal variations) of the hydrocarbon compounds.
3.1. Spatial variations 3.1.1. Hydrocarbons
As shown in Table 3 , the concentrations of 11 hydrocarbons were measured during this study. All of the 11 hydrocarbons are VOCs because they have <10 carbon atoms and tend to be gases or volatile liquids under standard atmospheric conditions.
To provide a sense of how overall levels of hydrocarbons (HCs) varied among the 13 monitoring locations, Fig. 2 compares the sum of geometric mean concentrations for the 11 most prevalent hydrocarbons. The figure indicates that levels of hydrocarbons at El Paso, Texas (EPTX) were significantly higher than the levels measured at the other monitoring stations. It also indicates that levels of these compounds were lowest at Underhill, Vermont (UNVT).
To study the impact of motor vehicle and industrial emissions on the atmospheric hydrocarbon levels near the monitoring stations, Table 4 presents estimates of the number of cars owned by residents within 10 miles of each monitoring station (USDOC, 1990 ) and the hydrocarbon emissions reported to TRI in 1995 by facilities also within 10 miles of the monitoring stations (TRI, 1995) . The table also shows the observed levels of total prevalent hydrocarbons in descending magnitude.
Although there is no good correlation between car ownership data and ambient air concentrations of hydrocarbons, different coincidences have been observed for some locations. For example, the monitoring station at the EPTX measured the highest concentrations of the total hydrocarbons and has the second highest car ownership data, while UNVT has the lowest ranks for both categories. Generally, the ''magnitude'' of emissions from motor vehicles depends on the volume of traffic in urban areas, but the ''composition'' of these emissions depends more on vehicle design. Because the distribution of vehicle design (i.e., the relative number of cars of different styles) is probably quite similar from one urban area to the next, the composition of air pollution resulting from motor vehicle emissions is not expected to exhibit significant spatial variations. In support of this hypothesis, previous air monitoring studies have observed relatively constant composition of ambient air samples collected along heavily traveled urban roadways (Evans et al., 1992; Conner et al., 1995) . Roadside studies have found particularly consistent proportions of benzene, toluene, ethylbenzene and the xylene (BTEX)--both in motor vehicle exhaust and in ambient air near roadways. The comparison between the concentration ratio for the BTEX measured during any study and the ratio reported in the previous studies provides a qualitative depiction of how greatly motor vehicle emissions affect air quality at the monitoring station. The more similar the concentration ratios, the more likely that motor vehicle emissions impact ambient levels of hydrocarbons. Fig. 3 compares concentration ratios of the BTEX compounds measured during the present study to the ratios reported in the roadside study (Conner et al., 1995) . It is shown that the concentration ratios for BTEX compounds measured at every monitoring station bear some resemblance to the ratios reported in the roadside study. The concentration ratios of the BTEX compounds--benzene/ethylbenzene (2.26-2.88), toluene/ ethylbenzene (3.62-5.63), o,m,p-xylene/ethylbenzene (4.32-5.97)--reported by other roadside studies and dynamometer studies (Zweidinger et al., 1988; Westerholm et al., 1996; Zielinska et al., 1996; Staehelin et al., 1998) are also comparable with the values in Fig. 3 . This observation suggests, though certainly does not prove, that emissions from motor vehicles significantly affect levels of hydrocarbons in urban ambient air.
On the other hand, BTEX concentration ratios for three stations, Port Neches (PNTX), Galveston (GATX), Hahnville (HALA), and Garyville (GATA) deviated significantly from the roadside study profile. This deviation indicates that emissions from sources other than motor vehicles in these locations may have a strong influence on local air quality. The importance of industrial emissions is confirmed by the highest emissions of the most prevalent hydrocarbons recorded near these three stations (Table 4) . The above findings are consistent with the previous studies that were conducted in different urban areas in the United States (Fujita et al., 1994) . As Table 4 shows, each site's emission rank is not entirely consistent with the respective rank of the total ambient air concentration of the most prevalent hydrocarbons. For instance, some monitoring locations (e.g, Burlington) had relatively high concentrations of the most prevalent hydrocarbons, but had relatively low levels of industrial emissions reported through TRI; and other monitoring locations (e.g., Hahnville) had relatively low concentrations of hydrocarbons, but had relatively high levels of emissions in the study reported here.
Halogenated hydrocarbons
Halogenated hydrocarbons are organic compounds that contain carbon, hydrogen and halogen. Most of these compounds are used for industrial purposes and as solvent, though some are produced naturally (Campbell and McConnell, 1980; Godish, 1991) . Because motor vehicles emit significantly greater quantities of hydrocarbons than they do halogenated hydrocarbons, motor vehicle emissions generally do not correlate well with airborne levels of halogenated hydrocarbons. Once emitted to the air, many volatile halogenated hydrocarbons resist photochemical breakdown and therefore persist in the atmosphere for relatively long period of time (Godish, 1991; Ramamoorthy and Ramamoorthy, 1997) .
Like hydrocarbons, only the halogenated hydrocarbons with lower molecular weights are volatile, and the sampling and analytical methods used in this study measured a subset of these volatile compounds. Only five halogenated hydrocarbons were consistently detected in over 75% of the air samples collected at all monitoring locations (i.e., these compounds had a prevalence greater than 75% at most of the monitoring locations). These compounds are: carbon tetrachloride, chloromethane, methylene chloride, tetrachloroethylene, and 1,1,1-trichloroethane. Because these compounds were consistently present at detectable levels, the monitoring data during the present study characterize their ambient levels more accurately than the halogenated hydrocarbons with lower prevalence.
Unlike hydrocarbons, we do not know how the overall levels of the most prevalent five halogenated hydrocarbons vary among the 13 monitoring stations or compare the sum of their concentrations because the air monitoring data for each of these compounds exhibited unique trends and patterns. The following analysis focuses on their spatial variations separately. Table 5 represents the geometric mean concentration and the total air releases for each one of the most prevalent halogenated hydrocarbons at every monitoring station.
3.1.2.1. Carbon tetrachloride. Carbon tetrachloride is mainly produced by industrial solvent, dry cleaning, and fire extinguishers (Warneck, 1988) .
The statistical analysis data for carbon tetrachloride indicated that the geometric mean concentrations at every monitoring location were nearly identical (0.72-0.90 ppbv) and the coefficients of variation were lower than those for the other prevalent compounds. These observations suggest that ambient air concentrations of carbon tetrachloride in urban locations are relatively constant, regardless of geographical location, time of year, and proximity to industrial or vehicle emissions sources.
The unique air quality trend is consistent with current knowledge of carbon tetrachloride. Although use and emissions of this compound have decreased dramatically (as a part of an international agreement attempting to phase out ozone-depleting chemicals) (ATSDR, 1997; Ramamoorthy and Ramamoorthy, 1997) ambient air concentration of the compound have not. This apparent contradiction results from the fact that carbon tetrachloride in air is extremely resistant to breakdown; estimates of its half-life in the troposphere range from tens to hundreds of years. As a result, once emitted to the atmosphere, where tetrachloride appears to gradually diffuse to regions of lower concentration rather than decompose or react with other air pollutants (ATSDR, 1997). Compared with the tropospheric background abundance of CCl 4 (0:146 AE 0:015 ppbv) at 1990 level (Fabian et al., 1996) and the European mean CCl 4 concentration range of 0.114-0.104 ppbv from 1987 to 1994 (Simmonds et al., 1996) , the concentrations of CCl 4 measured during this study are up to 50% lower.
3.1.2.2. Chloromethane. Concentrations of chloromethane were highest for monitoring stations located closest to large bodies of salt water (BRTX, GATX, and PNTX), and these concentrations appear to peak during the warm summer months. These trends in chloromethane concentrations are supported by recent air quality analysis (ATSDR, 1995) . For example, some studies have estimated that over 90% of global air releases of chloromethane are from natural sources, such as biogenic production by marine phytoplankton (ATSDR, 1995) . This observation suggests that emissions from marine environments may indeed have been the predominant factor affecting ambient levels of chloromethane at the monitoring station during the present study. The concentrations of chloromethane at other locations are close to the tropospheric abundance of 0:602 AE 0:015 ppbv at the 1990 level (Fabian et al., 1996) .
Methylene chloride (dichloromethane).
Air quality references indicate that many industries use methylene chloride as a solvent and some distribute it as a propellant in consumer products (ATSDR, 1993; Ramamoorthy and Ramamoorthy, 1997) . During the current study, the three highest geometric mean concentrations were observed at Brattleboro, Winooski and Camden; and according to the 1995 TRI data, the highest total air releases of methylene chloride were recorded at Brattleboro and Camden. These findings suggest that industrial emissions sources may account for the relatively high concentrations of this compound in air.
On the other hand, the relatively high concentrations observed at Winooski, despite no local facilities reporting releases to TRI, may be explained that many industrial facilities that use and emit methylene chloride are not subject to the TRI reporting requirements.
3.1.2.4. Tetrachloroethylene. Ambient air concentrations of tetrachloroethylene had relatively weak spatial variations. Although some industrial emissions sources near selected monitoring locations emit this compound to the air, Table 5 suggests that the impact of these industrial sources is marginal. However, the mean concentrations are about 2-4 times greater than its background concentration of 0.014 ppbv at northern hemisphere (Wang et al., 1995) . Not included in Table 5 , however, are data from industries (such as dry cleaners) that are known to emit tetrachloroethylene but are not required to report these emissions to TRI. In fact, evaporative losses from the dry cleaning industry are suspected to represent a significant portion of releases of this compound to the air (ATSDR, 1997), which is supported by the data of the present study. For instance, the highest geometric mean concentration of tetrachloroethylene was observed at Camden--the monitoring location with the highest population density (Tables 1 and 2 ) and, therefore, presumably the highest density of dry-cleaning businesses.
3.1.2.5. 1,1,1-Trichloroethane. Although monitoring stations located near industrial facilities that emit 1,1,1-trichloroethane have marginally higher geometric mean concentrations (Table 5) , the difference in concentrations among the monitoring locations of this study is too small to conclude which factors most strongly affect ambient levels of this compound. The geometric mean concentrations measured in 13 distinctly different urban environments ranged only from 0.09 to 0.13 ppbv, and they are very close to the median mixing ratios of 0.124-0.127 ppbv measured over the Western Pacific Region (Blake et al., 1997) , but lower than the tropospheric abundance of 0:145 AE 0:015 ppbv (Fabian et al., 1996) and the European mean distribution range of Table 5 Comparison (Simmonds et al., 1996) .
Carbonyls
Carbonyls are organic compounds characterized by their composition of carbon, hydrogen and oxygen, and by the presence of at least one carbon-oxygen double bond. During the present study, 16 carbonyl compounds were measured, 10 of which were detected in at least 75% of the sample collected. These compounds are acetaldehyde, acetone, acrolein, benzaldehyde, butyrl/ isobutyraldehyde, formaldehyde, hexanaldehyde, propionaldehyde and valeraldehyde.
Following the same approach used to interpret variations of hydrocarbons, the following discussion compares spatial variations of the most prevalent carbonyls to indicators of industrial and motor vehicle emissions.
3.1.3.1. Industrial emissions. Fig. 4 indicates levels of the most prevalent carbonyls compared with total air releases reported by facilities within 10 miles of the monitoring locations for 6 of the 10 most prevalent carbonyls (Table 6 ). The figure does not present emissions data for the other four compounds because industries were not required to disclose releases of these compounds to TRI. Although the figure indicates that the TRI data seem to be uncorrelated with the spatial variations in concentrations of carbonyls, industrial emissions are still contributing to the airborne levels of carbonyls detected during the current study because industrial facilities were shown to emit significant quantities of hydrocarbons (Table 4) which may have reacted in the ambient air to form carbonyls (National Research Council, 1991) . Also, industrial facilities that were not subject to TRI reporting requirements may have emitted significant quantities of carbonyls, particularly those with combustion sources (e.g., electrical utilities and incinerators). Fig. 4 . Levels of the most prevalent carbonyls compared with total air releases reported by facilities within a 10-mile radius of monitoring station. Table 6 Total air releases of the most prevalent carbonyls reported by facilities within a 10-mile radius of monitoring stations 
Motor vehicle emissions.
The observed spatial variations for some of the most prevalent carbonyl compounds during this study were strikingly similar to those for the BTEX compounds. For example, it was found that concentrations of acrolein and benzaldehyde, like concentrations of the BTEX compounds, were relatively higher at El Paso, Burlington, and Rutland, and lowest at Underhill. Because the data analysis in Section 3.1.1 strongly suggested that the BTEX compounds measured during this study originated primarily from motor vehicles, it is likely that motor vehicle emissions also affect ambient air concentrations of the carbonyls that exhibit similar spatial variations, such as acrolein and benzaldehyde. However, the exact mechanism by which motor vehicle emissions affect airborne levels of carbonyls is not clear. Motor vehicles may emit carbonyls directly to the air, photochemical reactions involving motor vehicle emissions may form carbonyls in the air, or (most likely) some combination of these mechanisms occurs. Analysis of concentration ratios of selected carbonyls provides further evidence that motor vehicle emissions strongly influence ambient levels of these compounds. More specifically, if motor vehicles indeed significantly affect ambient air concentrations of carbonyls, it would be expected that ratios of concentrations of carbonyls to concentrations of any BTEX compound would be consistent across monitoring locations. As a test of this hypothesis, Fig. 5 shows ratios between the concentrations of four carbonyls--acrolein, benzaldehyde, acetaldehyde and formaldehyde--and concentrations of m,p-xylene for the 13 monitoring stations. The roadside study cited earlier did not consider concentrations of carbonyls. In any case, the ratios shown in Fig. 5 are quite similar for most stations, which strongly suggests that emissions from motor vehicles significantly affect airborne levels of these four carbonyl compounds.
On the other hand, although the concentration ratios were also similar across all sites for acetaldehyde and formaldehyde, the ratios for these carbonyls were not as consistently similar as those of the other compounds. This suggests that emissions from motor vehicles probably affect ambient levels of these compounds, and other factors also strongly influence ambient air of their concentrations. Grosjean et al. (1983) estimated that photochemical reactions can contribute as much as 85% of the ambient formaldehyde and 95% of the ambient acetaldehyde levels in Los Angeles.
Correlation analysis
Pearson correlation coefficients were used in this study to measure the degree of correlation between two variables. These coefficients always lie between À1 and 1. A correlation coefficient of À1 indicates a perfectly ''negative'' relationship, which occurs when increases in the magnitude of one variable are associated with proportionate decreases in the magnitude of the other variable and vice versa. A correlation coefficient of 1 indicates a perfectly ''positive'' relationship, which occurs when the magnitudes of two variables both increase and both decrease proportionately.
For each monitoring location, a Pearson correlation coefficient was calculated for every possible pair of the most prevalent compounds to know the extent at which the 24-h average concentrations of one compound are related to 24-h average concentrations of other compounds measured at the same time at the same monitoring location. Also, the correlation between a compound's measured ambient air concentration and the corresponding daily temperature was calculated to provide a measure of how ambient air concentrations vary with temperature and how they vary with seasons. Fig. 6 represents a summary of data correlations between different groups of compounds, including hydrocarbons with hydrocarbons, hydrocarbons with halogenated hydrocarbons, hydrocarbons with carbonyls, halogenated hydrocarbons with halogenated hydrocarbons, halogenated hydrocarbons with carbonyls and carbonyls with carbonyls.
Correlations between different compounds
The Pearson correlation coefficients that were calculated from the ambient air monitoring data for pairs of the most prevalent hydrocarbons, were generally positive and some pairs of these compounds had air concentrations that were very strongly correlated (i.e., they had Pearson correlation coefficients greater than 0.75). The strong correlations indicate that ambient air concentrations of the corresponding hydrocarbons generally rose and fell in proportion during this study--an observation consistent with most hydrocarbon species originating primarily from one type of emissions source. The strong correlations also suggest that emissions from a source common to all urban environments (e.g., motor vehicles) might account for a large fraction of hydrocarbons commonly found in urban air pollution.
On the other hand, the ambient air concentrations of styrene were essentially uncorrelated with ambient air concentrations of the other prevalent hydrocarbons. This observation suggests that styrene in ambient air may have originated primarily from emissions sources other than motor vehicles (the predominant source affecting ambient levels of most hydrocarbons). However, the TRI data for styrene correlated fairly well with the corresponding geometric mean concentrations. The three monitoring stations with the highest concentrations of styrene also had the highest reported air emissions. Therefore, levels of styrene measured during the current study appear to originate largely from industrial emissions sources.
The ambient air concentrations of the most prevalent hydrocarbons were very weakly correlated with those of the most prevalent halogenated hydrocarbons and carbonyls. These weak correlations generally suggest that the factors that most strongly affect levels of hydrocarbons in ambient air are different from those that affect ambient air concentrations of halogenated hydrocarbons or carbonyls.
The majority of Pearson correlation coefficients calculated from air monitoring data for one halogenated hydrocarbon and those for another halogenated hydrocarbon fell between À0.25 and 0.25--a range indicating weakly correlated or uncorrelated data. Also, closer examination of the data found that the direction and strength of correlations between the different halogenated hydrocarbons varied from one monitoring location to the next. This observation suggests that each of the five most prevalent halogenated hydrocarbons is released and transported in the atmosphere by unique mechanisms.
Like the distribution of correlations between individual halogenated hydrocarbons, the distribution of correlations between halogenated hydrocarbons and carbonyls is most heavily populated in the range from À0.25 to 0.25. This observation also suggests that the emissions sources and photochemical reactions that most significantly affect ambient air concentrations of halogenated hydrocarbons differ from those sources and reactions that tend to affect ambient levels of carbonyls.
Among the most prevalent carbonyl compounds, despite the strong correlations between concentrations of different compounds, no trends as strong as those observed among the hydrocarbon compounds were readily apparent (the pairs of carbonyl compounds having the most significant correlations varied from site to site). The absence of general trends among the carbonyl compounds suggests that no single factor determines how ambient air concentrations of carbonyls vary from one monitoring location to the next. A more likely explanation is that many different factors, such as motor vehicle emissions, industrial emissions and photochemical reactions, affect ambient air concentrations of carbonyls, with no single factor exhibiting a dominating effect. Table 7 summarizes how temperature correlated with ambient air concentrations of the most prevalent compounds during this study. The daily average temperature data representative of each monitoring location were obtained from the National Climate Data Center (NCDC), an organization that oversees a network of meteorological stations across the country.
Correlations between concentrations and temperature
3.2.2.1. Hydrocarbons. Except for styrene, the most prevalent VOCs generally had negative correlations with temperature (their concentrations were high in winter and low in summer). Because total emissions from motor vehicles in an urban area do not vary significantly from day to day, factors other than emissions from motor vehicles contribute to the observed seasonal changes in urban air pollution. For instance, higher concentrations of hydrocarbons during the winter months are consistent with the effects of photochemical reactions, which are known to consume airborne hydrocarbons, especially in the summer (Hagerman et al., 1997) . Further, the seasonal trends for hydrocarbons also can be explained by emissions from home heating sources (e.g., fireplaces, wood-burning stoves), which are notably higher during the winter months, especially for locations with cold temperatures (e.g., Vermont). The ambient air concentrations of styrene had weak positive correlations with temperature at most of the monitoring locations. The unique correlations for styrene support the hypothesis that the major emissions sources of styrene in urban locations are not the same as the major emissions sources of the other most prevalent hydrocarbons.
Halogenated hydrocarbons.
The ambient air concentrations of the most prevalent halogenated hydrocarbons during the present study were either positively or weakly correlated with temperature. The direction and strength of correlations for the individual halogenated hydrocarbons provides important insight into seasonal air quality trends.
Relatively strong concentration-temperature correlations for chloromethane and tetrachloroethylene suggest that, regardless of the monitoring location, temperature affects the mechanism by which these compounds are released to the air. As previously mentioned, the natural releases from oceans and evaporative losses from small industrial facilities likely explain the air quality trends for these compounds.
Although the correlations for methylene chloride alternated between positive and negative values, the correlations at Brattleboro and Winooski were quite strong and positive. These two monitoring stations also had higher methylene chloride concentrations than the other monitoring locations. As stated before, the particularly strong correlations and relatively high concentrations at these sites are consistent with how evaporative losses of solvents are known to affect air quality.
Unlike the concentration-temperature correlations for the other halogenated hydrocarbons, the correlations for carbon tetrachloride and 1,1,1-trichloroethane do not exhibit any unique trends and patterns. Accordingly, ambient air concentrations of these compounds appear to be relatively unaffected by temperature and season.
3.2.2.3. Carbonyls. The ambient air concentrations of the most prevalent carbonyls, with the exception of acetone, were generally positively correlated with temperature. This correlation supports the hypothesis that carbonyls in ambient air originate, to a certain extent, as products of photochemical reactions.
On the other hand, at almost most every monitoring location, concentrations of acetone decreased as temperature increased because of the photochemical reactions that consume (not produce) acetone as was investigated by several studies (Cox et al., 1980; Grosjean et al., 1983; Seinfeld, 1986) . This also was consistent with the relatively higher concentrations of acetone in Vermont than other locations. Because photochemical reactivity in Vermont is much weaker than in Texas or Louisiana, airborne acetone in Vermont may persist for relatively longer periods of time before being consumed by photochemical reactions.
Temporal variations
Generally, changes in concentrations of an air pollutant over a two-year period may result simply from shifting prevailing winds and may not necessarily indicate increases or decreases in emissions. So, annual variations over longer time periods should be considered to evaluate the impacts of long-term changes in emissions. As an example, Table 8 indicates how the geometric mean concentrations of benzene, ethylbenzene and toluene in Camden have changed since 1989 U-ATMP. It is clear that the concentrations of all three compounds appear to have decreased by approximately a factor of three over the eight years shown in the table. Because BTEX compounds were shown to originate largely from motor vehicle emissions, as previously mentioned, the long-term decline in geometric mean concentrations of these compounds suggests that motor vehicle emissions in the Camden area have decreased steadily since 1989. However, more details are needed to confirm this consistent decline.
Seasonal variations
In addition to the correlation analysis between concentrations and temperatures that indirectly indicate seasonal variations, Table 9 summarizes the seasonal statistics of the sum of concentrations of each group at each monitoring location. For the year-round monitoring period, Summer includes samples collected from June to August, Fall from September to November, Winter from December to February, and Spring from March to May. The statistics is calculated over each individual compound before it is summed up according to hydrocarbons, halogenated hydrocarbons, and carbonyls.
Hydrocarbons have the largest winter or Fall arithmetic mean and median concentrations at 12 of 13 monitoring locations; seven locations have the largest mean and median in winter, the rest have the largest values in the Fall. The only exception is at Port Neches (PNTX), where the values in summer are the largest, and in winter the least. However, when compared with halogenated hydrocarbons and carbonyls at PNTX, both have the least values during winter. This may indicate that the local emissions at PNTX were significantly reduced in winter. This result is in agreement with the previous concentration-temperature correlation analysis, and it is also in agreement with literature results (Hagerman et al., 1997) .
Unlike hydrocarbons, halogenated hydrocarbons do not have significant seasonal trend. Except for Galveston, TX (GATX), PNTX, and Rutland, VT (RUVT) where significant seasonal difference exists in arithmetic mean and median concentrations, there are no significant difference at the other nine monitoring locations. This further verifies that ambient air concentrations of halogenated hydrocarbons are not affected by temperature and season.
Although there is no common seasonal trend for carbonyls at all locations, the seasonal variations are significant at most of the monitoring locations. At GATX, El Paso, TX (EPTX), Burlington, VT (BRVT), there are significant higher summer concentrations than in other seasons. However, the winter concentrations at Camden, NJ (CANJ) are the highest among all the four seasons. This signifies that carbonyl compounds have complex sources. Carbonyl compounds are the intermediate products of photochemical processes of hydrocarbons, and they can also be emitted by anthropogenic processes.
Distribution in urban environments and comparison with literatures
To study the distribution of ambient air organic compounds in urban environments, the sum of the most prevalent hydrocarbons, halogenated hydrocarbons and carbonyls was separately calculated for each monitoring station. Fig. 7 shows the concentration percents for the three groups at every monitoring location. It is evident that 8 of the 13 stations had over 50% of the carbonyl compounds, while only 3 stations had over 50% of the hydrocarbon compounds. The other two stations had approximately equal percents of both groups.
As previously mentioned, because of the positive correlation with temperature, the most prevalent carbonyls (except for acetone) in ambient air originate as products of photochemical reactions. Supporting this hypothesis is the fact that the correlations between ambient air concentrations and temperature were particularly strong for the Vermont monitoring locations such as UNVT, WIVT and BRVT (as shown in Fig. 7) , where seasonal differences in temperature and the number of daylight hours are more pronounced than in locations along the Gulf of Mexico such as PNTX and GATX. Also, this observation is supported by the fact that most of the prevalent VOCs generally had negative correlations with temperature (Cox et al., 1980) .
On the other hand, locations of PNTX, GATX and B2LA mixed residential-industrial neighborhood areas. These sites are characterized by the high population density and industrial emissions. The industrial facilities near monitoring stations at these locations include many refineries, chemical manufacturing and petrochemical plants; and some of these facilities are within only 2 miles of the monitoring station (PNTX). The B2LA monitoring site was located in the back parking lot of an office building, directly across from the city motor pool. Also, all three sites are located in the south where seasonal changes in daily average temperature are much smaller than the locations in the North.
Generally, percents of halogenated hydrocarbons were very small at all stations compared with the percent of the hydrocarbons or carbonyls. It is evident from the figure that percent of the halogenated hydrocarbons varied from one monitoring location to the next. This observation confirms that local sources, such as evaporative losses from small industries and natural releases from oceans, are likely responsible for the air quality trends of these compounds. Unlike hydrocarbons and carbonyls, once emitted to the air, many volatile halogenated hydrocarbons resist photochemical breakdown and therefore persist in the atmosphere for relatively long periods of time. Table 10 summarizes the arithmetic mean concentrations of the most prevalent hydrocarbons measured in this program and in other urban, semi-urban, or rural locations. The mean concentrations of all the hydrocarbons listed in Table 10 are much lower than the median or mean values in other US cities, but the values are very close to those at 24 urban monitoring locations in Canada. Even at three rural US Southeast National Parks the concentration levels of selected hydrocarbons are within the range of mean concentrations of the 13 UATMP monitoring locations.
It should be noted that the atmosphere is an open system, concentrations of any elements are not only dependent on the emissions strength and chemical/photochemical processes, they depend on meteorological conditions such as atmosphere stability, wind velocity and direction as well. Detailed discussion including meteorological conditions and other atmospheric parameters is beyond the scope of this paper.
Conclusions and recommendations
Overall, levels of airborne hydrocarbons were highest at the El Paso monitoring location and were lowest at the Underhill monitoring location. At most stations, emissions from motor vehicles appeared to be the primary source of hydrocarbons in ambient air; however, industrial emissions sources in the vicinity of Galveston, Hahnville, and Port Neches seemed to affect local airborne levels of hydrocarbons significantly. The links between motor vehicle emissions and ambient air concentrations of hydrocarbons were particularly strong for the BTEX compounds, and somewhat strong for acetylene and propylene. Industrial emissions data were consistent with observed spatial variations for 1,3-butadiene and for styrene: monitoring locations near facilities that emitted these chemicals tended to have relatively high geometric mean concentrations. There was some evidence that monitoring stations located in close proximity to petroleum refineries measured relatively high levels of n-octane.
Ambient air concentrations of each of the most prevalent halogenated hydrocarbons appeared to exhibit unique spatial variations, and no single factor seemed to explain air quality trends for this group of compounds. Detailed analyses identified likely explanations for the measured levels of specific compounds: concentrations of carbon tetrachloride could be best explained as ''global background'' levels, chloromethane appeared to be influenced most by natural emissions from bodies of salt water, and concentrations of methylene chloride and tetrachloroethylene seemed to be linked in part to emissions from industrial sources. No notable trends in the concentrations of 1,1,1-trichloroethane were observed.
The monitoring data seem to suggest that emissions from motor vehicles and photochemical reactions most strongly influence ambient air concentrations of carbonyls. The fact that ambient air concentrations of most carbonyls were positively correlated with temperature at Fig. 7 . Percent of hydrocarbons, halogenated hydrocarbons, and carbonyl levels at every monitoring station. most monitoring locations supported the hypothesis that photochemical reactions form carbonyls in ambient air. Unique trends and patterns for concentrations of acetone, however, suggested photochemical reactions that consume the compound are an important mechanism affecting the measured ambient air concentrations. Although emissions data from facilities subject to the Toxic Release Inventory reporting requirements were quite inconsistent with the observed spatial variations in concentrations of carbonyls, emissions from other industrial emissions sources may have contributed to the levels of carbonyls detected during the present study.
Of the compounds identified by the sampling and analytical methods used in this program, nearly half were detected in less than 50% of the samples. This limited number of detections restricts the accurate estimates of air quality trends for these compounds. To avoid such limitations, research efforts should continue to focus on developing more sensitive sampling and analytical methodologies that can measure concentrations of urban air pollutants at trace levels.
The TRI emissions data often could not explain notable spatial variations in ambient air quality, presumably because its database does not characterize emissions from all industrial sources or from any mobile or natural sources. So, efforts to expand the scope of the TRI or to develop extensive local emissions inventories should be strongly encouraged.
Although the data analysis in this study provided compelling evidence that motor vehicle emissions significantly affect ambient air concentrations of several hydrocarbons, this study did not compare estimates of local traffic volume to the monitoring data. To understand the actual impacts of motor vehicle emissions, researchers are encouraged to derive estimates of motor vehicle flow near their respective monitoring locations and compare these estimates to the spatial variations in the measured levels of hydrocarbons. organic compounds: a review. Atmos. Environ. 24A, 1-41. Table 10 Comparison of selected anthropogenic hydrocarbons measured at various urban and rural sites Sexton and Westberg (1984) (data collected between 6 and 9 a.m.).
d Edgerton et al. (1989) .
e Davis and Otson (1996) (mean concentrations from 24 Canada urban sites in 1990-1991).
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